Gene identification in human aortic aneurysm conditions is proceeding at a rapid pace and the integration of pathogenesis-based management strategies in clinical practice is an emerging reality. Human genetic alterations causing aneurysm involve diverse gene products including constituents of the extracellular matrix, cell surface receptors, intracellular signaling molecules, and elements of the contractile cytoskeleton. Animal modeling experiments and human genetic discoveries have extensively implicated the transforming growth factor-b (TGF-b) cytokine-signaling cascade in aneurysm progression, but mechanistic links between many gene products remain obscure. This chapter will integrate human genetic alterations associated with aortic aneurysm with current basic research findings in an attempt to form a reconciling if not unifying model for hereditary aortic aneurysm.
A mong the myriad blood vessels within the body, the large capacitance arteries adjacent to the heart are unique in structure, function, and in their capacity for derangement in disease states. The clear enrichment of involvement of the proximal ascending thoracic aorta, and more specifically the sinuses of Valsalva, in inherited forms of thoracic aortic aneurysm (TAA) has been historically attributed to the unique functional demands and hemodynamic environment of this aortic segment. The aorta is a relatively unique organ in that its critical functional components are located in the extracellular space, whereas the cellular components of the aorta may act primarily to support the development and homeostasis of the supporting matrix. Cardiovascular surgeons show this interesting biology in common surgical practice. Large aortic segments are routinely replaced entirely with synthetic materials such as Dacron, demonstrating the dispensability of aortic cellular components for minimal critical function (to serve as a conduit and distribution network for blood flow). Despite its seemingly simple nature, the aorta has evolved into a complex organ with spatial variation in structure. During cardiac systole, the proximal ascending aorta has the ability to accept pressure and volume loads (capacitance) and to transmit them distally during diastole through recoil (elastance) with the least loss of energy. These requirements are reflected by variation in the major compo-nents of the extracellular matrix, collagen ( predominantly types I and III) and elastin. Collagens provide tensile strength and stiffness to the tissue to resist rupture and efficiently propagate pressure waves, respectively. Elastic fibers show dynamic lengthening and contraction in response to pressure and volume loads, accounting for the capacitance and recoil shown by large arteries. In keeping with engineering requirements, the proximal ascending aorta shows enrichment of elastic fibers and a relative paucity of collagen, when compared with more distal aortic segments. Despite the intuitive appeal, a number of findings challenge the hypothesis that the proximal ascending aorta shows high predisposition for aneurysm wholly on the basis of its unique structure and hemodynamic environment. First, many inherited forms of TAA commonly associate with a strong predisposition for enlargement of the pulmonary root on the low-pressure side of the circulation. Second, disorders associated with a primary and profound deficiency of types I or III collagen (osteogenesis imperfecta [OI] , and vascular Ehlers -Danlos syndrome [vEDS] , respectively) only rarely show aortic root enlargement. Although the risk of aneurysm and dissection is high in vEDS, lesions are focal and can occur in any medium-to-large muscular artery without apparent association with sites of enhanced hemodynamic stress. Finally, many disorders associated with failed elastogenesis or impaired elastic fiber homeostasis, such as cutis laxa caused by mutations in FBLN5 encoding fibulin-5 (Loeys et al. 2002) or pseudoxanthoma elasticum (PXE) caused by mutations in ABCC6 (Bergen et al. 2000) (an ATP-binding cassette transporter), respectively, do not show a predisposition for ascending aortic aneurysm, or, for that matter, aneurysm in general.
Multiple models of aneurysm pathogenesis have centered on failure of elastic fiber homeostasis. In support of these models, most presentations of aortic aneurysm associate with increased expression and activity of proteases with elastolytic potential, prominently including matrix metalloproteinases (MMPs) 2 and 9 that can be expressed by resident cells (e.g., vascular smooth muscle cells [VSMCs] ) or inflammatory infiltrates. It is notable, however, that these proteases have wide substrate specificity that includes other structural matrix elements including collagens, fibronectin, and proteoglycans. They also recognize (and often activate) bioactive substrates including cytokines (e.g., TGF-b) and other proteases (Newby 2012) . It also seems informative that blood vessels that, at least transiently, lack an intact arterial media (e.g., after complete stripping during carotid endarterectomy) show the capacity to withstand hemodynamic stress and avoid aneurysm, whereas other acute chemical or physical insults initiate rapid aneurysm progression. In this light, does the aortic adventitia (which remains intact after endarterectomy) deserve at least equal attention? More broadly, what additional determinants are required for aortic aneurysm progression beyond failure of elastic fiber homeostasis?
Marfan syndrome (MFS) is the most common and in many ways the archetype of the familial connective tissue disorders associated with TAA. Patients with MFS show a high predisposition for aortic aneurysm centered anatomically at the sinuses of Valsalva. Before the molecular era, hypotheses regarding the cause of connective tissue disorders such as MFS tended to emphasize deficits in structural protein quantity or integrity, especially collagens and elastin (McKusick 1973) . The identification of mutations in genes encoding structural components of the extracellular matrix (COL3A1 causing vEDS in 1988 [Superti-Furga et al. 1988 , FBN1 causing MFS in 1991 [Dietz et al. 1991] , and Table 1 containing a list of genes mutated in human aneurysm conditions) seemed to validate early pathogenic theories that singularly invoked structural tissue failure as the driving force for aneurysm. This view of pathogenesis was bleak, requiring the ability to alter the structural composition of tissues for clinical benefit. Fortunately, new discoveries have highlighted the importance of altered cellular performance, either in response to altered matricellular interactions or as a primary event, in altered homeostasis of the aortic wall. Work in animal models has shown that extracellular matrix components not only provide structural Cutis laxa with aneurysm-Ascending aortic aneurysm and tortuosity (Dasouki et al. 2007 ) ELN (elastin) Supravalvular aortic stenosis (Curran et al. 1993) Cutis laxa with aneurysm-Low penetrance-ascending aortic aneurysm and dissection (Szabo et al. 2006 ) COL1A1 (collagen 1 a-1)
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Hereditary angiopathy, nephropathy, aneurysms, and muscle cramps-Infrequent aneurysms (Plaisier et al. 2007 ) COL4A5 (collagen 4 a-5) X-linked Alport syndrome-Ascending aortic and abdominal aneurysms and dissections (Kashtan et al. 2010 ) PLOD1 (lysyl hydroxylase 1) Ehlers -Danlos, type 6-Rare aneurysm, arterial rupture (Wenstrup et al. 1989 ) PLOD3 (lysyl hydroxlase 3)
Bone fragility with contractures, arterial rupture, and deafness-Frequent medium-sized arterial aneurysms (Salo et al. 2008) TGF-b pathway TGFBR1 (tgfbr1) Loeys -Dietz syndrome-Highly penetrant root and diffuse large and medium arterial aneurysm (Loeys et al. 2005 ) TGFBR2 (tgfbr2) Loeys -Dietz syndrome-Highly penetrant root and diffuse large and medium arterial aneurysm (Mizuguchi et al. 2004; Loeys et al. 2005 Loeys et al. , 2006 Shprintzen -Goldberg syndrome-Chest wall deformities, aranchnodactly, cleft palate, craniosynostosis, ascending aortic aneurysm integrity to the vessel wall, but also contribute to regulation of the bioavailability of extracellular signaling ligands. A prime example of this phenomenon relates to the fibrillin family of proteins, exemplified by fibrillin-1 (discussed below). The study of fibrillin-1 deficiency in the context of MFS has highlighted the importance of the TGF-b signaling pathway in arterial homeostasis. More recent findings of genetic disturbances in the cytoskeletal apparatus of vascular smooth muscle cells have made it evident that vascular homeostasis can also be perturbed by primary cellular dysfunction. It remains to be determined whether disease gene discovery will reveal strictly parallel pathogenic sequences or a common final pathway for aneurysm progression. In either event, the diversity of gene loci and function in hereditary aneurysmal conditions will no doubt lead to the discovery of new therapeutic targets. This review will discuss current and emerging pathogenic models, focusing on attempts at mechanistic integration, and opportunities for therapeutic intervention. Familial aortic aneurysm and dissection (Wang et al. 2011) Familial aortic aneurysm and dissection (Guo et al. 2013) RAS-related disorder NF1 (neurofibromin 1) Neurofibromatosis-Medium-sized arterial aneurysm and stenosis (Friedman et al. 2002 Several human conditions are associated with profound failure of elastogenesis and/or elastic fiber homeostasis. Despite the emphasis placed on the quality and quantity of elastic fibers in aneurysm conditions, elastin deficiency does not necessarily lead to aneurysm. Aneurysm is an infrequent finding in cutis laxa syndromes cause by mutations in the ELN gene (Szabo et al. 2006) , which encodes elastin. In fact, ELN haploinsufficiency causes either syndromic (Williams syndrome) or nonsyndromic supravalvular aortic stenosis (SVAS), coronary ostial stenosis, and diffuse pulmonary arterial stenoses without aneurysm (Curran et al. 1993) , depending on whether there is or is not concomitant deletion of contiguous genes, respectively. Unlike aneurysm tissue, aortic tissue from patients with Williams syndrome or SVAS shows an increased number of elastic lamella and VSMCs, indicating a role for elastin in the regulation of arterial organization and suppression of VSMC proliferation (Li et al. 1998) . Pseudoxanthoma elasticum causes a severe failure of elastic fiber homeostasis, but patients do not typically show aneurysm. Examination of arterial tissue from patients with PXE shows elastic fiber fragmentation and disarray (Miki et al. 2007 ). Similar histopathology is seen in aortic root aneurysms in MFS caused by mutations in FBN1 encoding fibrillin-1 (Dietz et al. 1991) . Mutations in fibulin-4 cause cutis laxa with highly penetrant arterial tortuosity and ascending aortic aneurysm (Dasouki et al. 2007; Renard et al. 2010) , whereas mutations in fibulin-5 cause cutis laxa with arterial tortuosity, but not aneurysm (Loeys et al. 2002) . Both conditions are associated with a profound failure of elastogenesis and both classes of patients show multiple systemic connective tissue findings. What then accounts for the difference in clinical expression of fibulin-4 versus fibulin-5 deficiency? Both fibulin-4 and fibulin-5 bind to fibrillin-1-containing microfibrils and elastin. Although both fibulin-4 and fibulin-5 act to recruit tropoelastin to developing microfibrils, fibulin-4 additionally recruits lysyl oxidase (LOX, a copper-containing amine oxidase responsible for elastin and collagen cross-linking) (Horiguchi et al. 2009 ). Fibulin-4 deficiency decreases LOX recruitment to tropoelastin in experimental cutis laxa in mice, and targeted inactivation of fibulin-4 in vascular smooth muscle causes ascending aortic aneurysm (Horiguchi et al. 2009 ). Consistent with these data, LOX-deficient mice show aortic aneurysm and perinatal death owing to cardiac dysfunction (Maki et al. 2002) .
THE TGF-b PATHWAY IN MARFAN SYNDROME
To date, more than 1000 different mutations in the FBN1 gene have been associated with MFS. This includes missense, frame-shift, nonsense and splice-site mutations and indels including whole-exon or even whole-gene deletions (Faivre et al. 2009; Turner et al. 2009 ). This repertoire strongly suggests loss of function of the fibrillin-1 protein as the relevant mechanism; a prediction confirmed using mouse models . Despite the appeal of a "common sense" pathogenic model focusing on structural tissue weakness, it was recognized that some clinical manifestations of MFS (such as bone overgrowth, craniofacial dysmorphism and skeletal muscle and fat hypoplasia) are difficult or impossible to reconcile on this basis. Insight into the pathogenesis of MFS progressed most rapidly on the development of animal models that fully recapitulate the multisystem disease manifestations including aortic aneurysm (Pereira et al. 1997; Judge et al. 2004) . About 10% -15% of patients with MFS show a predisposition for pulmonary emphysema, often presenting with upper lobe bullae and spontaneous pneumothorax. In keeping with structural deficiency of the tissues, early explanations posited accelerated destructive and inflammatory emphysema. However, fibrillin-1-deficient mice showed homogeneous widening of the distal airspace at birth without any attendant inflammation. This finding was most consistent with primary developmental failure of distal alveolar septation (Neptune et al. 2003) . In consideration of how a defect in an extracellular matrix protein might influence developmental events, it was recognized that fibrillin-1 shows structural homology with the latent transforming growth factor-b -binding protein family (LTBPs). LTBPs 1, 3, and perhaps 4 bind the small latent complex (SLC) of TGF-b (constituting the large latent complex or LLC). They also bind to extracellular matrix proteins including fibrillins and fibronectin. This led to the hypothesis that LTBP interactions serve to sequester latent TGF-b within the matrix, and that this event regulates proximity to or the activity of cell-associated TGF-b activators such as selected integrins or thrombospondin-1. In this view, fibrillin-1 deficiency would be expected to cause promiscuous TGF-b activation and signaling. In keeping with this hypothesis, prenatal or perinatal antagonism of TGF-b activity through systemic delivery of a panspecific TGF-b-neutralizing antibody was able to normalize distal alveolar septation in MFS mice, despite an ongoing deficiency of fibrillin-1. Evidence for increased TGF-b signaling, including increased phosphorylation and nuclear translocation of Smad2 ( pSmad2) and increased output of TGF-b-responsive gene products (e.g., types I and III collagen and connective tissue growth factor or CTGF) was evident in other tissues involved in MFS, and TGF-b-neutralizing antibody also mitigated important disease phenotypes including myxomatous degeneration of the mitral valve, skeletal muscle myopathy, and aortic root aneurysm (Ng et al. 2004; Habashi et al. 2006; Cohn et al. 2007 ). The involvement of the TGF-b signaling cascade in the development of fibrillin-1-dependent aortic aneurysm also provides insight into fibulin-4-mediated vascular disease. As mentioned previously, fibulin-4 recruits the enzyme LOX to microfibrils. Most interestingly, in addition to its matrix cross-linking function, LOX shows negative regulatory activity toward TGF-b, which it binds and inactivates through its amine oxidase activity (Atsawasuwan et al. 2008) , and TGF-b pathways have been shown to be perturbed in the ascending aorta of fibulin-4-deficient mice (Hanada et al. 2007 ). Consistent with these data, LOX has been shown to suppress expression of the TGF-b inducible factor MCP-1 (Onoda et al. 2010 ), a cytokine thought to contribute to aneurysm progression (Tieu et al. 2009 ). Therefore, among the pathologic mechanistic possibilities shared by deficiency of fibulin-4 and fibrillin-1, a prominent candidate includes suppression of TGF-b activity (Fig. 1) , either by a lack of sequestration (fibrillin-1) or through failed recruitment of a negative regulator (fibulin-4).
A new report has used a genome-wide association study (GWAS) to link FBN1 to a risk for thoracic aneurysm and dissection in nonsyndromic patients (Lemaire et al. 2011) . A large cohort of patients with sporadic thoracic aneurysm and/or dissection was subjected to GWAS analysis and a single susceptibility locus was identified at 15q21.1 spanning FBN1. Five independent SNPs closely associated with FBN1 were identified, which reached whole genome significance. The combinatorial nature of the SNPs was not analyzed so that a dominant haplotype associated with aortic disease could be identified. These findings raise interesting questions. As insufficiency of fibrillin-1 expression is the operative mechanism of Marfan aneurysmal disease, presumably, the SNPs are associated with a decrement in fibrillin-1 expression unable to cause MFS, but able to induce arterial dysfunction. Unfortunately, fibrillin-1 expression from patient samples with pathologic SNPs was not analyzed leaving such a mechanism to speculation. Several of the identified SNPs also conferred susceptibility toward aortic aneurysm in a cohort with sporadic bicuspid aortic valve (BAV) with aneurysm. Are these ancestral FBN1 alleles acting primarily to cause BAV or do they act as a modifier of other loci responsible for BAV? Although patients with MFS have been described to have a rate of BAV slightly above the general population, it is not a common feature of the syndrome. Because the gene dysregulation associated with these SNPs would be expected to be subtle (so as not to cause overt syndromic phenotypes), it seems unlikely that they would primarily cause BAV. If these alleles act as modifier loci to worsen intrinsic aortic disease they would be expected to segregate with aneurysm in familial BAV/ TAA cohorts; however, this type of analysis was not performed. In summary, these results raise interesting questions regarding the role of fibrillin in nonsyndromic aortic disease, but much work remains to be performed to uncover a plausible mechanism of action.
TGF-b PATHWAY MUTATIONS: LOEYS -DIETZ SYNDROME (LDS)
The involvement of TGF-b in the pathogenesis of aortic aneurysm was highlighted by the description of a systemic disorder of connective tissue, Loeys-Dietz syndrome, caused by mutations in the receptors for TGF-b (TGFBR1 and TGFBR2) (Loeys et al. 2005 . Patients with LDS show many phenotypic features that overlap with those of MFS such as scoliosis, arachnodactyly, pectus deformity and importantly aortic aneurysm centered at the sinuses of Valsalva. Although LDS has a wider clinical phenotypic severity within families than MFS, in general vascular disease in LDS is noted to be more severe with frequent aneurysms outside the proximal aorta and dissections at younger ages and with smaller arterial diameters ). More recently, additional mutations have been described causing LDS in two other genes encoding positive effectors of TGF-b signaling, SMAD3 (van de Laar et al. 2010) , encoding a downstream modulator of TGF-b signaling and encoding a TGF-b ligand, TGFB2 (Boileau et al. 2012; Lindsay et al. 2012) .
The majority of mutations in the TGFBR1 and TGFBR2 genes encode missense changes that tend to cluster around the receptor kinase domains. Expression of mutated receptors in cell culture models shows signaling incompetence, a finding that suggested that a simple lack of TGF-b signaling could be causal in pathogenesis. However, tissue samples taken from patients at the time of aortic surgery show paradoxical up-regulation of TGF-b signaling as assessed by phosphorylation of SMAD2, a finding in opposition to a model of simple haploinsufficiency (Loeys et al. 2005) . In fact, the mutational repertoire is skewed away from chromo- somal deletions, truncations, or nonsense mutations that would be predicted to cause receptor haploinsufficiency by nonsense-mediated decay (NMD) but toward mutations that impair kinase activity, but allow impaired receptors to traffic to the cell surface. In support of this concept, single allele loss of function mutations in TGFBR1 and TGFBR2 have been described in humans, but do not cause LDS. For instance, loss of function mutations in TGFBR1 causes Ferguson -Smith disease (FSD). Patients with FSD experience multiple spontaneous self-healing epitheliomas, but do not show craniofacial dysmorphism or vascular disease (Goudie et al. 2011) . Additionally, a deletion of TGFBR2 has been described in a 20 mo old with microcephaly and developmental delay, but without features of LDS (Campbell et al. 2011) . In this light, receptor mutations in LDS seemingly select for receptors that must manifest a function separable from simple kinase-mediated signal transduction. It may also be plausible, if not likely, that the presence of the kinase-impaired receptor is a necessary prerequisite for disease expression in LDS.
CANONICAL (SMAD) AND NONCANONICAL (MAPK) TGF-b SIGNALING
Recent genetic and experimental research on the Smad signaling cascade in aortic aneurysm may begin to offer an explanation of these paradoxical findings. The receptors for TGF-b are transmembrane serine/theonine kinases that work in tandem to transduce signal across the membrane. Ligand is recognized by a type 2 receptor dimer, which recruits type 1 receptors to form a heterotetrameric receptor-ligand complex (Fig. 2) . The intracellular kinase domains are brought into close proximity allowing the phosphorylation of regulatory serines on the type 1 receptor by the type 2 receptor kinase. This, in turn, activates the kinase domain of the type 1 receptor allowing the productive phosphorylation and activation of receptor smad proteins such as smad2 or smad3. Activated smad proteins can translocate to the nucleus and direct transcriptional events. The term "canonical signaling" has been used to describe signal transduction by smad proteins downstream from the TGF-b receptor complex and represents historical, but not necessarily functional, precedence. Although increased TGF-b activity as assayed by increased phosphorylation of Smad2 or Smad3 proteins has been seen in diverse aneurysmal conditions, including MFS, it is not clear whether Smad proteins transduce information necessary for aneurysmal progression, or whether this activity is merely correlative. Recent human genetic evidence directly implicates Smad proteins as negative modulators of aneurysmal pathology. Patients with loss of function mutations in SMAD3 were recently described to show the complete phenotypic spectrum of LDS, including vascular disease (van de Laar et al. 2010) . Similarly, SMAD4 was recently implicated in human aortic disease. A pedigree was described with the combination of juvenile polyposis, aortopathy, and mitral valve disease (Andrabi et al. 2011 ). Aortic aneurysm with pathologic evidence of cystic medial necrosis was noted in aortic tissue from a mutation carrier. SMAD4 mutations have previously been implicated in patients with hereditary hemorrhagic telangectasia (HHT) with intestinal polyposis (Gallione et al. 2004) , and aortic aneurysms have been described in patients with HHT (Hsi et al. 2003) . These data indicate that patients with HHT caused by SMAD4 mutation have a risk of aortic aneurysm, and that Smad3 and Smad4 insufficiency contributes to progression rather than amelioration of aneurysm.
Similar to TGF-b receptor mutations, the finding of loss of function mutations in SMAD3 or TGFB2 that encode positive regulators of the TGF-b canonical signaling cascade, could lead to simple explanations of hereditary aneurysmal pathology from loss of TGF-b signaling ). However, several observations challenge this view. synthetic lethality owing to dissection ). Molecular analysis of causative pathways in the aorta of experimental animals revealed no difference in canonical TGF-b activity as assayed by phosphorylation of smad2, but up-regulation of noncanonical signaling. The MAP Kinase family members c-Jun amino-terminal kinase (JNK1) and ERK1/2 were found to be aberrantly up-regulated in Fbn1 C1039G/þ Smad4 þ/2 mice and pharmacological targeting of JNK1 activity resulted in improvement of aortic performance . So how does loss of smad signaling activity exacerbate aneurysm? One possibility is through an augmentation of TGF-b signaling from the loss of smad-dependent regulatory feedback inhibition. In this scenario, receptor mutations in LDS fail to stimulate canonical signaling, whereas noncanonical signaling remains intact (Lindsay and Dietz 2011) . Homeostatic mechanisms aimed at maintaining functional levels of canonical TGF-b signaling would then augment noncanonical signaling to pathogenic levels. This situation would be simulated by decreased Smad activity, as seen in patients with SMAD3 mutations. This type of model would explain experimental findings such as exacerbation of phenotype in Fbn1
þ/2 mice ) as well as aortopathy in humans caused by loss of function mutations in SMAD3 and SMAD4 (van de Laar et al. 2010; Andrabi et al. 2011) . It could also help explain the skewed mutational repertoire in TGF-b receptor mutations (LDS) favoring intact receptor complexes unable to transduce canonical signaling .
Control of noncanonical TGF-b signaling also helps explain the therapeutic benefit of angiotensin 2 type 1 receptor (AT1) blockers (ARBs) in experimental aortic aneurysm. ERK1/2 was the major MAPK member activated in the aortas of Marfan syndrome mice (Fbn1 C1039G/þ ) with intact smad signaling, and treatment with losartan controlled aortic aneurysmal growth and down-regulated ERK1/ 2 activity . Interestingly, intact signaling through the angiotensin 2 type 2 receptor (AT2) was required for the protective effect of losartan. Fbn1 C1039G/þ At2 þ/2 mice showed worsened aneurysmal pathology and unlike their Fbn1 C1039G/þ littermates, showed no clinical response to treatment with ARBs. Although both smad and ERK1/2 signaling pathways were activated in the aortas of MFS mice, targeting of ERK alone was sufficient to inhibit aneurysmal progression . Other genetic data in humans support the role of ERK1 signaling in aneurysm formation. A recent article implicating mutations in IGFBP7 as causal in an autosomal recessive syndrome of retinal aneurysm formation and pulmonary stenosis further support these findings (Abu-Safieh et al. 2012) . IGFBP7 plays a role in the negative regulation of the BRAF/MEK/ERK pathway and patients with homozygous mutation in this locus show up-regulation of ERK1 signaling. Furthermore, patients with Noonan's syndrome, now known to be caused by mutations directing dysregulation of ERK1 signaling, can show aortic aneurysm (Purnell et al. 2005) . In summary, these data illuminate new targets for pharmacologic intervention in aortic aneurysm and represent a possible common pathway for diverse aneurysm conditions.
SMOOTH MUSCLE VASCULOPATHIES (SMVs)
An emerging theme in aortic aneurysmal disorders is the identification of primary mutations in genes encoding components of the smooth muscle contraction apparatus. In vascular smooth muscle cells a nodal point for activation of contractile force is regulated by the phosphorylation status of the regulatory subunit of the myosin complex, myosin light chain (MLC). The phosphostate of MLC is controlled by the opposing activities of myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP). MLCK is positive regulated by calcium-calmodulin, whereas MLCP is negatively regulated by ligand-dependent activation of the Rho GTPase, and productive phosphorylation by of MLCP by ROCK (Fig. 2) . Either or both of these activities are required for force generation through productive cross-bridge cycling of actin and myosin. Although the mechanistics of smooth muscle contraction have been of interest for decades, the relevance of this pathway for aneurysmal disease was unsuspected until the description of mutations in MYH11, coding for smooth muscle myosin heavy chain (smMHC), as a causative locus in isolated familial thoracic aortic aneurysm (IFTAA) (Zhu et al. 2006; Pannu et al. 2007 ). Patients do not seem to show phenotypes outside the cardiovascular system. Ascending aortic aneurysm in patients with MYH11 mutations is accompanied by a high rate of patent ductus arteriosis (PDA). Postnatal ductal closure is a process mediated by active smooth muscle contraction and PDA is seen in other connective tissue disorders such as LDS (Loeys et al. 2005) . Despite the high rate of PDA in patients with MYH11 mutations, disruption of this locus appears to be responsible for only a small fraction of sporadic PDA (Zhu et al. 2007a ). The binding partner of smMHC, a smooth muscle actin (a-SMA) was next implicated in aneurismal disease. Unlike MYH11 mutations, patients with mutations in ACTA2 (encoding a-SMA) show diverse findings outside the cardiovascular system including livedo reticularis (a purplish reticular discoloration of the skin) and iris flocculi ( pigmented epithelial cysts of the iris). Within the arterial system, disease is also more diverse with ascending aortic aneurysm, coarctation of the aorta, bicuspid aortic valve, coronary artery disease, and a neurovascular disorder similar to moya-moya. The importance of this signaling cascade was emphasized with the recent description of loss of function mutations in the activating kinase, MLCK encoded by the gene MYLK (Wang et al. 2011) .
Although mutations in proteins encoding extracellular matrix elements and elements of the TGF-b signaling cascade would be expected to affect multiple cell classes and tissues, smMHC is one of a limited number of absolute lineage markers of smooth muscle (Owens et al. 2004) , leaving little doubt that the aortic manifestations in SMVs originate from the VSMC compartment. Each of these mutations encode loss of function mutations in the contractile apparatus of VSMCs, which would be predicted to impair contraction, leading to models invoking deficiency of vascular tone through insufficient force generation (Milewicz et al. 2008 ).
However, the role smooth muscle contraction in the VSMCs of large conductance arteries is unclear. The primary role of these cells is to produce and maintain extracellular matrix rather than to modulate blood pressure, the primary role of VSMCs in resistance arterioles. In fact, the contractile apparatus in conductance artery VSMCs is likely primarily involved in managing matricellular interactions and sensing the extracellular environment to control appropriate elaboration and maintenance of extracellular matrix. Defects in this function could lead to dysregulation of matrix control and changes in VSMC differentiation and proliferation. This type of model may explain the involvement of the noncontractile cytoskeletal protein Filamin A in aneurysm. Mutations in FLNA, encoding Filamin A on the X chromosome have been implicated in aortic aneurysm and connective tissue phenotypes in women with the neurologic condition periventricular nodular heterotopia (PVNH) (Sheen et al. 2005) . Filamin A serves to cross-link actin polymers and integrates multiple signaling pathways with the cytoskeleton including canonical TGF-b, Ras-ERK1, and integrin signaling (Sasaki et al. 2001; Zhu et al. 2007b; Kim et al. 2010) .
Although the nature of cellular dysfunction induced by loss of function mutations in elements of the smooth muscle contractile apparatus is not currently known, insight may be gained by analogy to cardiomyopathic disease. Interestingly, mutations in the contractile apparatus of the cardiomyocyte are well described to cause the human cardiovascular disorder hypertrophic cardiomyopathy (HCM). Mutations at multiple loci involved in cardiac contraction have been shown to be causative in HCM, identifying it as a "disease of the sarcomere" (Thierfelder et al. 1994) . The initial hemodynamic dysfunction detected in patients with HCM is an inability of the heart to relax, so-called diastolic dysfunction. Histologically, diastolic dysfunction in HCM corresponds to changes including cardiomyocyte disarray and distinct areas of fibrosis. Recent work in a mouse model of HCM has shown TGF-b is a key cytokine driving pathologic fibrosis and proliferation of nonmyocyte cell populations within HCM
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a015909 hearts, and pathologic benefit could be obtained through the use of TGF-b-neutralizing antibodies (Teekakirikul et al. 2010) . Similar clinical benefit, including the prevention of pathologic hypertrophy, could be achieved through treatment of animals with losartan, presumably through its ability to antagonize TGF-b. The therapeutic analogy to murine models of MFS aneurysm allows for speculation regarding the seeming overlap of causative pathologic pathways in smooth muscle contraction vasculopathies (SMCVs) and syndromic aneurysm.
TGF-b SIGNALING, HIGH OR LOW?
Up-regulation of TGF-b signaling is now a wellaccepted mechanism of pathogenesis in MFS aortic disease. Controversy is primarily engendered by the nature of mutations encountered in LDS. Mutations in the TGF-b receptors, sparing expression of mutant RNA, typically predict the expression of receptors with impaired kinase function. Similarly, deletions as well as loss of function mutations in the positive TGF-b effectors SMAD3 and TGFB2 causing a human disorder closely resembling classical LDS, strongly infer a loss of function mechanism. Furthermore, experimental data are incontrovertible that receptor mutations causing LDS impair canonical TGF-b signaling when studied in cell-based systems on TGF-b stimulation (Mizuguchi et al. 2004; Loeys et al. 2005; Horbelt et al. 2010 ). In addition, animal models of developmental modulation of TGF-b receptor components, typically by complete deletion have been shown to create aortic and conotruncal pathology equated to aneurysm. For instance, lineage specific deletion of Tgfbr2 in the second heart field creates conotruncal congenital heart disease and arterial pathology similar to aneurysm (Choudhary et al. 2009 ). The combination of genetic mutations and embryonic experiments has led to simple pathogenic theories invoking low TGF-b signaling as causal for aneurysm. Despite the intuitive appeal of this type of model, the unattractive reality remains that low TGF-b signaling has yet to be shown in any aneurysm patient sample or any model of progressive aneurysm.
How are we to rectify these seemingly conflicting data? Failure of signal propagation through mutant LDS receptors could be consistent with either a simple loss of function or dominant negative biochemical mechanism. Recent biochemical analysis has shown that TGFR1:TGFR2 proteins within the TGF-b receptor heterotetramer signal as autonomous pairs, rendering a dominant negative mechanism biochemically intractable (Huang et al. 2011) . Similarly, a simple loss of function model may explain cell culture findings, but as a pathogenic explanation for aneurysm it fails to incorporate multiple observations of tissue up-regulation of TGF-b signaling (Loeys et al. 2005; Lindsay and Dietz 2011) . We have argued that impairment of canonical TGF-b signaling as seen in LDS may induce compensatory autocrine-or paracrine-mediated events that may result in the up-regulation of global TGF-b signaling and/or effect the balance of canonical and noncanonical TGF-b signaling (Lindsay and Dietz 2011) . How would this type of complex gain of function mechanism operate? An example has recently been described in TGF-b regulated palatal development. Lineage specific ablation of Tgfbr2 in the murine palate creates a cleft phenotype, but interestingly, rescue of cleft palate rather than exacerbation was seen with synthetic ablation of the TGF-b ligand, Tgfb2 (Iwata et al. 2012) . The investigators discovered that in the absence of Tgfbr2, signaling is still propagated through the creation of a disease specific Tgfbr1:Tgfbr3 dimer, which mediates up-regulation of a Tgfb2-dependent noncanonical TGF-b signaling cascade involving TAK1. Analogously, we have reported accentuated noncanonical TGF-b signaling in Fbn1 C1039G/þ mice through the introduction of Smad4 haploinsufficiency, an intervention intuitively predicted to inhibit TGF-b signaling capacity . There is currently insufficient experimental evidence to determine if a complex gain of function mechanism is operant in LDS arterial disease; however, what is abundantly clear is that proposed models of syndromic aneurysm must incorporate all relevant data and have the ability to resolve dichotomous and intuitively conflicting observations. The identification of new gene causal for aortic aneurysm may help shed light on the role of TGF-b signaling in aneurysm. Shprintzen-Goldberg syndrome (SGS) is a multisystem connective tissue disorder, which shares phenotypic overlap with MFS and LDS including arachnodactyly, chest wall deformity, cleft palate, craniosynostosis, and aortic aneurysm. Through the use of next-generation sequencing, mutations in the prototypical TGF-b repressor SKI have been identified as causal in SGS . Identified missense mutations cause residue substitutions that cluster in the aminoterminus of the gene product within the R-smad or the Dachshund-homology (DHD)-binding domains, implicating loss of intermolecular partner binding as a possible disease mechanism. Consistent with a loss of function mechanism, patient fibroblasts show a signature of increased responsiveness to TGF-b with increased Smad and ERK1 phosphorylation as well as increased expression of TGF-b-responsive gene products. Morpholino knockout targeting of the two SKI paralogs in zebrafish (Skia and Skib) phenocopied craniofacial defects and induced cardiac defects, providing evidence for the loss of function nature of the SGS genetic perturbation. The identification of mutations in a prototypical TGF-b repressor (expected to cause increased TGF-b activity) contrasts with LDS mutations in positive modulators of TGFb such as TGFB2 or SMAD3 (expected to associate with lower TGF-b signaling) expands the range of mutational causality in the canonical TGF-b pathway for aortic aneurysm. Whether high or low TGF-b signaling can recapitulate similar phenotypes and disease states, or alternatively whether compensatory signaling events lead to a common high TGF-b pathologic pathway driving postnatal progression of aortic aneurysm (Dietz 2010; Lindsay and Dietz 2011) represents an experimental challenge for aneurysm researchers in the coming years.
CONCLUDING REMARKS
The next 5 to 10 years will likely represent an exciting time in the genetics of aortic disease as the acceleration of gene discovery continues.
The decreased cost of next-generation sequencing will no doubt unleash a deluge of new gene loci implicated as causal for aortic aneurysm and arterial dissection. Whole genome sequencing will no doubt identify more complex genetic situations involving both primary syndromic and nonsyndromic aneurysmal mutations and multiple modifying loci, perhaps affecting TGF-b signaling or smooth muscle contractile elements. Over time, the major challenge in aortic aneurysmal research will likely shift from gene identification to the assessment of gene product function in large vessel homeostasis. Although animal models have been truly revolutionary in this field, significant need exists for the development of cell-based models of aortic aneurysm. Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) may be a useful technology in this regard and indeed is a topic under investigation in many laboratories. Hopefully, the development of these models will aid in the analysis of new genes, new biologic pathways, and novel therapeutic targets for patients affected by these life-threatening conditions.
